Identifying the metal ions that optimize charge transport and charge density in metal-organic frameworks is critical for systematic improvements in the electrical conductivity in these materials. In this work, we measure the electrical conductivity and activation energy for twenty different MOFs pertaining to four distinct structural families: ). This comprehensive study allows us to single-out iron as the metal ion that leads to the best electrical properties. The iron-based MOFs exhibit at least five orders of magnitude higher electrical conductivity and significantly smaller charge activation energies across all different MOF families studied here and stand out materials made from all other metal ions considered here. We attribute the unique electrical properties of iron-based MOFs to the high- 
Introduction
Metal-organic frameworks (MOFs) that exhibit both high surface area and electrical conductivity are emerging as a new class of materials whose applications reach beyond those typical of porous solids. 1 Reports of electrically conductive MOFs in the last few years have addressed both the fundamentals: the nature of the charge carriers and the mechanism of transport, [2] [3] [4] [5] [6] and the applications: supercapacitors, 7 electrocatalysis, 8, 9 chemiresistive sensing, 10,11 and thermoelectrics 12 among others. Certain design principles have emerged from these studies, focused for instance on targeting either band-like or hopping conductors, 13 yet some of the most basic questions governing electrical conduction in MOFs are still poorly understood. Most obvious among these is the inuence of the metal ions on either the band structure of the underlying material or the charge density.
In our previous work we have shown that in two isostructural MOFs made from Mn and Fe, the latter leads to considerably improved electrical conductivity by up to six orders of magnitude. 5 Additionally, the Fe analogs of M(1,2,3-triazolate) 2 16 were reported as being electrically conductive, although the electrical conductivity in the other analogs was not reported. These isolated reports led us to believe that Fe may play an important and unique role in promoting electrical conductivity in MOFs. Here ) and show that Fe does indeed enable high electrical conductivity in Fecontaining frameworks.
To ascertain the inuence of the metal cation on electrical conductivity systematically, we targeted MOFs that feature a broad array of chemical connectivity and composition. Four families of materials that provide this breadth are M 2 -(DOBDC)(DMF) 2 The rst three families of MOFs display honeycomb structures with 1D tubular pores, whereas the M(1,2,3-triazolate) 2 materials exhibit cubic structures with three-dimensional pore networks. ‡ The metal ions in all these MOFs are formally divalent and octahedrally coordinated ( Fig. 1 and S2 †).
Experimental results
All Mn 2+ -, Fe 2+ -, and Co 2+ -based materials were synthesized under air-free conditions. Literature procedures were available for all materials studied here, with the exception of Fe 2 Cl 2 -(BTDD)(DMF) 2 (MIT-20-Fe), which was synthesized by adapting a strategy similar to the preparation of the Mn, Co, and Ni analogs. 25 Its structure was assigned on the basis of powder Xray diffraction (PXRD) analysis, which revealed a pattern that matches those of the other analogs (Fig. S3c †) . To ensure consistency, all MOFs were soaked successively in dry and degassed DMF and dichloromethane (DCM) under air-free conditions, and evacuated at 100 C under vacuum for 2 h.
The evacuated materials were kept in a N 2 -lled glovebox. PXRD and elemental analyses conrmed that all materials retain their structural and compositional integrity as well as phase purity during these manipulations (Fig. S3 †) . As reported previously, Fe 2 (DSBDC)(DMF) 2 undergoes a spontaneous structural distortion (i.e. a "breathing" deformation) but maintains its connectivity. 2 , conrming that bound DMF completes the octahedral coordination environment of the metal ions in these materials (Fig. S4 †) . Because some of the MOF crystallites were too small for single crystal studies, electrical properties were measured on pressed pellets in all cases using the standard two-contact probe method 26, 27 at 300 K, under a N 2 atmosphere, and in the dark. PXRD analysis of the pressed pellets revealed patterns that match those of the original materials (Fig. S5 †) . Plots of the observed current density (J) versus electric eld strength (E) for all MOFs are shown in Fig. S6 , † and the electrical conductivity values are summarized in Fig. 2 and Table S1 . † The Fe-based MOFs exhibit electrical conductivity on the order of 10 À8 -10
À6
S cm À1 , whereas the observed electrical conductivity in all other
MOFs is six orders of magnitude lower, on the order of 10 À14 -
To understand the inuence of Fe on the electronic structures of these MOFs, we measured the activation energy (E a ) for each material by collecting current-voltage (I-V) curves between 300 K and 350 K under vacuum and in the dark (Fig. S7-S26 †) . Plotting the electrical conductivity versus temperature for each MOF indicated thermally activated electrical conduction in all cases (Fig. S27 †) . 28 The activation energies were extracted by tting the electrical conductivity-temperature relationships to the Arrhenius law (see ESI †), and are summarized in Fig. 3 and Table S2 . † Here again, we found that the Fe analogs exhibit signicantly smaller activation energies than the MOFs based on the other metal ions. 2 and Fe(1,2,3-triazolate) 2 , and a Type IV isotherm for mesoporous Fe 2 Cl 2 (BTDD)(DMF) 2 , with comparatively little gas uptake for Fe 2 (DSBDC)(DMF) 2 (Fig. 6) Fig. 7 .{ One intriguing exception was found for the electronic structure of Co 2 (DOBDC): previous reports computed with the PBEsol functional showed a ground state high-spin (S ¼ 3/2) electronic structure. In our hands, PBEsol indeed converges to a high-spin structure, but higher level computational analysis with the HSE06 functional surprisingly revealed the contrary: a high-spin Co 2+ structure did not converge, and a stable minimum was found only for the low-spin (S ¼ 1/2) congura-tion. This could be due to the systematic differences in equations of state that arise from the use of different functionals.
32
We could not probe this hypothesis given the extremely expensive calculation required to geometrically optimize the Co 2+ -containing MOF with a hybrid functional.
A summary of the band alignments and accompanying projected density of states (PDOS) of the computed MOFs are presented in Fig. 7 . The band structures for the M(1,2,3-triazolate) 2 materials are superimposed over the schematic band alignment diagrams, to depict the electronic bandwidth. The valence band (VB) maximum energy (E VBM ), conduction band (CB) minimum energy (E CBM ), and band gap (E g ) of each MOF are listed in Table  S4 . † The energy levels were referenced to an internal vacuum level using a method reported previously.
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In the M 2 (DOBDC) family, closed-shell ions, Mg 2+ and Zn 2+ , contribute little to either VB or CB (Fig. 7a) 
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and E CBM is decreased by 0.5 eV relative to the Mn analog, together giving rise to 1.0 eV difference between the E g values of the two materials (Fig. 7b) . This is in line with the smaller activation energy observed experimentally for the Fe analog. In the M(1,2,3-triazolate) 2 2 appears to be anomalous in this family because its computed E g is large, which should give rise to high E a and low intrinsic electrical conductivity, in direct contrast with its experimentally determined low E a and high electrical conductivity. The computational result appears to be particularly unusual given that the Fe 2+ centers in this material are low-spin (S ¼ 0), and are therefore unlikely to contribute high-energy charge carriers. Fe 3+ ions, however, could provide such charge carriers. Insight into the effect of Fe 3+ on the electronic structure of Fe(1,2,3-triazolate) 2 came from DFT analysis of a hypothetical 2 , it simply articially increases the DOS contributions from states arising from Fe 3+ while simultaneously destabilizing the crystal. We were able to obtain a stable structure at this defect concentration and using a core level alignment we were able to align the defective material to the native Fe 2+ framework. As shown in Fig. 8a , Fe 3+ do not significantly affect the energy of the native Fe(1,2,3-triazolate) 2 bands. Instead, they give rise to mid-gap states attributed to the Fe delectron spin-down channels. These mid-gap states are found only 1.5 eV above E VBM . Such redox-accessible states are expected to persist even at much lower Fe 3+ concentration. As a consequence, VB electrons in Fe 3+ -incorporated Fe(1,2,3-triazolate) 2 may be thermally activated into the mid-gap Febased states, promoting the formation of hole carriers in the VB. In addition, the spin density distribution in this hypothetical material (Fig. 8b) shows that the spins, and equivalently the unpaired electrons, are partially delocalized among Fe centers. The Fe 3+/2+ mixed valency should facilitate inter-iron charge hopping and improve charge mobility. We therefore attribute the high electrical conductivity of Fe(1,2,3-triazolate) 2 to the presence of mixed-valent Fe 3+/2+ .
Discussion
The unique role of Fe in promoting high electrical conductivity across four different families of MOFs that differ in both structure and organic connectivity is highlighted in Fig. 2 , and thus the formation of a mixed-valence Fe 3+/2+ system was conrmed by EPR spectroscopy (Fig. 5) . More generally, our work demonstrates that mixed-valence metal ions improve the electrical conductivity in MOFs. Mixed valency is responsible for the high electrical conductivity in many inorganic solids, 36 organic conductors, 37,38 and coordination polymers 39 because it improves charge density and facilitates charge delocalization. It is also applicable to MOFs, where both metal ions and organic ligands, if redox-active, can lead to mixed-valent states. 40, 41 This has been shown already with two MOFs based on 1,2,4,5-tetrahydroxybenzene and its derivatives, where the ligands coexist in the semiquinone and quinone states, which gives rise to high electrical conductivity (10 À3 to 10 À1 S cm À1 ). 42, 43 Therefore, redox-active metal ions and organic ligands are desirable when designing electrically conductive MOFs.
Redox matching between metal ions and organic ligands is also critical to improve electrical conductivity in MOFs. 44 This requirement is not apparent in the materials studied here because in all four families the ligands are small and neighboring Fe centers have short interatomic distances (<4Å) such that hopping can occur directly between metal centers. However, in MOFs with large intermetallic separations, organic ligands that have redox couples matched with those of the metal ions may mediate charge hopping. Conversely, redox-inactive or redox-mismatched ligands may block charge hopping. Ligands that facilitate charge transport by participating in hopping (i.e. improving metal-to-ligand charge transfer) should therefore be particularly effective in increasing electrical conductivity in MOFs that support mixed valency. View Article Online
